A method for measuring absorption and velocity of ultrasonic radiation in the frequency range from 5 to 100 Me by use of pulse techniques is described. Results of such measurements performed on polycrystalline magnesium and aluminum as a function of frequency and grain size show that the absorption coefficient varies linearly with frequency and inversely with grain size. The scattering power of a metal and the fidelity with which an ultrasonic pulse ih transmitted is shown to depend on the elastic constants of the single crystals. Criteria are established for evaluating the fidelity of pulse transmission in cubic and hexagonal metals, and figures of merit for many such polycrystalline metals are given.
Introduction
Within the past decade, particularly during the war, much interest developed in the techniques for utilizing high-frequency ultrasonic radiation. Although applications to methods for underwater communications have received the major share of publicity, much progress has also been made in the realm of ultrasonic propagation in solids. Researchers have employed the latter to investigate the fundamental elastic properties of matter, while engineers have employed such methods to detect and investigate macroscopic flaws in metals.
Bergmann, 1 Bar, 2 Ludloff, 3 Bhagavantam and Bhimasenacher, 4 and Huntington 5 have reported the results of both continuous wave (CW) and pulsed methods for determining the elastic constants of solids. Firestone, Giacomini and Bertini, 7 and Trost 8 have been active in applying ultrasonics to the testing of metals. Other specialized applications using ultrasonic radiation in both liquids and solids were developed during the war at the M.I.T. Radiation Laboratory 9 ' 1 0 and the U. S. Navy Underwater Sound Laboratories.
Despite the wealth of information concerning ultrasonic propagation in solids already available, there still remains a considerable void in our knowledge of the phenomena experienced in the megacycle region.
This arises from two basic causes: first, the previous work on solids was restricted mainly to lower frequencies where greater thicknesses can be penetrated; and second, the applications which did involve higher frequencies were primarily of immediate engineering need during the war, and thus could not be spared for more basic research.
Although the fact that some polycrystalline solids transmit ultrasonic pulses with less attenuation and distortion than others was recognized by those at M.I.T. Radiation Laboratory working on delay lines, 1 no verified explanations were presented. An effective change in the attenuating properties of steel as the grain size was varied was reported by Firestone, but only a qualitative picture was given. Since these examples typify the state of the art at the close of the war, it was felt that research of a more fundamental nature was needed to explain some of the phenomena previously observed as well as to investigate propagation in polycrystalline metals at higher frequencies.
Accordingly, apparatus for the generation and detection of ultrasonic pulses operating in the frequency band from 5 to 100 megacycles per second (Mc) was designed and constructed, and an investigation of propagation in polycrystalline metals was initiated. In particular, specimens of the desired metals were annealed so as to obtain a series with graduated grain sizes, and the velocity of propagation and absorption were measured for longitudinal waves as a function of grain size and ultrasonic frequency.
Experimental Procedure
The measuring technique used to study ultrasonic absorption and velocity includes the following basic steps:
(a) generation of an electrical pulse of the desired frequency and pulse length;
(b) conversion from electrical to ultrasonic energy; (c) transmission of the ultrasonic pulses through the metal specimen under investigation;
(d) conversion from ultrasonic to electrical energy; and finally, (e) interpretation of the electrical pulses to provide accurate measurement of relative intensities And time intervals.
1. Arenberg, loc. cit.
2. Firestone, loc. cit.
-2- where it is transformed into ultrasonic energy comprising a pulse packet of longitudinal elastic waves. The crystal is acoustically loaded by a bath of distilled water in which is immersed the metal sample to be examined. The wave packet is transmitted through the water and into the metal specimen through which it
propagates. After reflection from the second surface of the metal, the pulse returns through the water to the same transducer as that used for transmission. Here, it is reconverted to an electrical pulse, and is returned to the transmitter from which it is fed to the tunable mixer.
This latter element heterodynes the incoming pulse with a local oscillator (LO) signal and converts it to a pulse having a carrier frequency of 30 Me regardless of its original frequency. This converted pulse is fed to a calibrated variable attenuator which is used to measure its peak power. After further amplification and detection by a standard 30-Mc intermediate-frequency (I-F) amplifier, the resulting video pulse is displayed on a cathode-ray oscilloscope. The scope used is a commercial instrument including means for measuring time differences accurately.
These are useful for determining the velocities of propagation of the ultrasonic pulses in the different metals. The synchronizing trigger, which is required to initiate the timing sweeps of the oscilloscope, is obtained from the transmitter. No exponential envelope is observed because the scattering and refraction processes resulting from the non-homogeneities of the large grains introduce interference effects. Thus, one pulse may be small due to phase cancellation, while the next may be large as a result of phase addition. 
Experimental Results
Six metals, magnesium, aluminum, copper, brass, nickel, and monel, were obtained in a cold-worked condition and were annealed in order to develop the desired grain sizesl. Of the six, only magnesium and aluminum were suitable for measuring purposes since the pulse distortion when using the remaining four metals was prohibitive. The description of the magnesium and aluminum follows. lines that correspond to time exponentials on the cathode-ray tube screen.
The latter, for a coarse-grained sample, shows much departure from an exponential resulting from the large grains. The attenuation of the first sample can be measured accurately, whereas considerable error could be introduced in the second case. These curves are typical of both good and bad experimental runs for magnesium and aluminum. From the slopes of these curves and the power reflection loss at the water-metal interface, (see below), graphs of attenuation in the metal vs. frequency for different grain sizes can be plotted. Power Reflection Coefficient. The power reflection coefficient at the interface between two semi-infinite media is given in the usual way by
where p = density, V = velocity, and the subscripts refer to the respective media. Experimental determination of this quantity was performed by making two absorption-distance runs on each sample. The metal was completely immersed in water in one case, but only one surface was immersed in the other. Since the reflection at an air-to-metal boundary is essentially unity, the difference in the attenuation in the two cases equals the reflection loss at one metal-water interface, or -10 loglOR. Curves of these runs for the to magnesium specimens previously discussed are shown applied to check the experimental value. This was done for aluminum and is recorded in Table II. For magnesium, no consistent constants for the polycrystalline metal could be found, so the results of calculations giving the velocity of propagation as a function of direction in a hexagonal crystal were used.
The velocity for a polycrystalline sample represents a weighted average of all values present in the individual crystal. These are also tabulated below. The agreement in both cases is very good and no velocity dispersion was observed. Unfortunately, the composition of the alwninum used in the two -cases was not the same, so the two sets of experimental absorption data cannot be plotted together to give results having much significance. Aluminum 17ST, which they used, has a nominal composition of 95 per cent Al, 4 per cent Cu, 1/2 per cent Mn, and 1/2 per cent Mg, whereas the aluminum used here is better than 99 per cent pure. Although this difference in composition seems small, the attenuation found with the latter metal is about two times greater than the figure they report for the common frequency of 15 Mc and common grain size of about 0.2 mm. They do not state the mechanical or thermal treatment of the samples tested other than that "standard" rods having different grain sizes were used. It is here assumed that they were commercial stock without further annealing for strain relief or grain-size control.
Two different grain sizes were used in their experiments, and they state values for D of 0.23 ± .01 mm and 0.13 + .01 mm, respectively.
Since no special annealing procedures were employed to prepare these samples, it is difficult to see how grain size errors of only 5 and Polar plots of the velocities in cubic aluminum and copper and hexagonal magnesium and zinc are given below in Figs. 10-13. The caption L refers to the quasi-longitudinal mode polarized in the plane of propagation; T 1 refers to the quasi-transverse mode polarized normal to this plane, and T 2 refers to the quasi-transverse mode polarized in the plane of propagation.
Aluminum, copper, and magnesium were tested, and as noted above, copper was a poor transmitter, while aluminum and magnesium were good.
Reference to the polar plots shows that copper is very anisotropic, while the other to are only slightly so. Although zinc was not tested, it has been included as an example of a highly anisotropic hexagonal metal hich, · therefore, should provide poor ultrasonic pulse transmission.
A polycrystalline solid comprising an aggregate of randomly oriented anisotropic grains scatters because discontinuities are presented between the cubic matrix and the isotropic matrix is that in the former case S44/t(Sll-Sl]# 1 where Sik are the elements of the matrices. The hexagonal matrix has the additional inequalities, S13/S12 1 and s33/Sll f 1. If the substance were isotropic, these respective inequalities would not exist; hence this departure can be used as a figure of merit. 
